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Abstract 
The functional properties of a food are determined by the composition and arrangement of the components (the 
microstructure).  In general as the microstructure of a food changes, the dielectric properties of the food change as 
well. Cheese is an excellent example of a food system which undergoes significant structural rearrangement both 
during shelf life (maturation) and in applications involving heating. The purpose of this study was to see if dielectric 
spectroscopy could be used to assess the microstructure of cheese with a view to predicting its functionality. The first 
task was to create a model cheese system where the composition could be systematically varied and the resulting 
changes in dielectric properties measured. We were also interested in how the dielectric properties (and thus the 
arrangement of components) changed with temperature. We developed a model system and samples were prepared 
with varying levels of calcium. We then measured the dielectric properties over a frequency range of 200 MHz to 1.3 
GHz and between the temperatures of 5 and 85°C. The samples were also examined using a confocal laser scanning 
microscope as well being subjected to texture profile analysis. We found that the dielectric constant and dielectric 
loss factors decreased as frequency increased. The dielectric properties were also found to be temperature dependent. 
The texture of the system was influenced by the addition of calcium which influenced the emulsification. The results 
from this initial study support the concept of dielectric spectroscopy as a tool for studying the microstructure of 
cheese. This suggests that dielectric spectroscopy could aid in the development of a better understanding of changes 
occurring in food systems. The next stage of this study will investigate the changes to the dielectric properties during 
cheese maturation as well as examining aspects of component mobility within cheese. 
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1. Introduction 
The structure of food influences a vast array of attributes associated with the product. Cheese is a good 
example of this as the microstructure governs its functional properties. The structure of a cheese system is 
strongly affected by its components including protein, fat, moisture and calcium. Calcium affects both the 
structural and functional properties of cheese [1]. One of the reasons for this is the large influence that 
calcium has over protein to protein interactions within the cheese matrix [2, 3]. The calcium content is a 
key factor affecting the emulsifying ability of casein in the system, with too much disrupting this ability 
[4]. 
Dielectric spectroscopy is a tool that has found increasing use in the food industry as it provides a 
means of assessing the structure and composition of a material. It works by emitting a spectrum of high 
frequency electromagnetic waves into the sample and measuring how the material interacts with the 
energy. This interaction is broken down to how the material stores energy, the dielectric constant (İ’), and 
how it dissipates energy, the dielectric loss factor (İ”). The dielectric constant is dominated by dipolar 
rotation while the loss factor is dominated by ionic interactions within the sample being examined. In 
foods, water is the primary component responsible for dipolar rotation while salts are responsible for the 
ionic interactions [5].  Dielectric spectroscopy has been used to: study cheddar cheese [6] and processed 
cheese [7]; assess changes during the ripening of Edam [9]; and for prediction of moisture and salt in 
processed cheese [8]. 
Cheese analogues provide a good model system for research purposes due to the composition 
uniformity that can be obtained over time and different batches [6]. Due to these products having simpler 
processing conditions it makes them cheaper to produce and also allows a certain amount of tailoring to 
meet specific compositional and functional requirements [7]. Model cheese systems are often used for 
research purposes to reduce variability and gain a greater level of control over the system. This is 
generally accomplished by producing the cheese analogue using simplified processing procedures and the 
components within it. Although these systems are generally uniform in nature, care needs to be taken to 
make sure that there is full hydration of the protein source to ensure this is the case. Model systems have 
been used extensively in the past to investigate varying properties of cheese including investigating the 
effect of colloidal calcium phosphate in cheddar [8] and assessing the effect of different caseins on a 
model processed cheese [9]. 
The objective of this investigation was to identify the effect of varying the calcium content of the 
model system had on its dielectric properties, texture and microstructure. It also investigated the effect of 
temperature and frequency on the dielectric properties of the model system.  
2. Materials & Methods 
2.1 Materials 
The ingredients used in the model system, include Fresh Frozen Milk Fat for Recombining (Fonterra 
Co-operative Group Limited), a functional milk protein concentrate (Fonterra Co-operative Group 
Limited), deionised water, salt (Dominion Salt, Mount Maunganui, New Zealand), glucono-delta lactone 
(Hawkins Watts, Auckland, New Zealand) and calcium chloride (Hawkins Watts, Auckland, New 
Zealand).  
2.2 Model System Manufacture 
The model system was produced with four differing ratios of calcium to protein: 1%, 1.4%, 1.9% and 
2.8% (w/w). Batches (500 g) were manufactured on a Brabender Sigma mixer S300, a twin screw z blade 
mixer, attached to a variable speed drive. The temperature for the mixer was controlled using a water bath 
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attached to the jacket of the mixer. The fat was placed in the cooker and left to melt at 35°C. The MPC, 
salt, GDL and calcium chloride were added to the melted fat and the mixer was turned on to 135 rpm. The 
water was slowly added to the other components over a 10 minute period. The water bath was increased 
to a temperature of 70°C over a period of 15 minutes. Once the 15 minute period had elapsed, the speed 
was reduced to 54 rpm. After 10 minutes of mixing at this lower speed the cheese was removed and 
placed into moulds for the different testing methods. The moulds were wrapped in plastic wrap to avoid 
moisture loss and drying. They were then placed on a metal bench and allowed to cool to room 
temperature before being transferred into a refrigerator. The pH and moisture content was assessed for 
each of the different samples with the moisture measurements made by drying the samples in an air oven 
for 16 hours. 
2.3 Dielectric Analysis 
Dielectric measurements were made using an Agilent 85070E high temperature dielectric probe 
connected to a Agilent 8712ET network analyzer (Agilent Technologies, California, USA). 
The system was calibrated using three known standards air, a shorting block and Milli-Q water at 
25°C. A cylindrical cheese sample, 28.5 mm in diameter and 31 mm in height, was taken directly from 
the refrigerator and placed in the jacketed sample holder and raised up to the dielectric probe using a 
laboratory jack until the sample was in constant contact with the probe. An initial reading was taken at the 
refrigerated temperature. The water bath attached to the heating jacket was set to 25°C and the cheese was 
left for a period of 45 minutes when the next set of dielectric data was recorded. The water bath was 
increased incrementally by 10°C every half an hour with the dielectric data recorded at the end of the half 
hour period. Measurements were taken in sets of four at each of the temperature steps recording both the 
dielectric constant and the dielectric loss factor. 
Two replicates were taken from each of the three batches manufactured for each different calcium 
variations. 
2.4 Texture Profile Analysis 
The cylindrical samples of cheese, 32 mm diameter & 20.5 mm in height, were analysed using a TA-
XT2 texture analyser (Stable Micro Systems, Godalming, England) performing a uniaxial compression 
test. Samples were compressed by 50% using a 35 mm diameter Teflon probe with a 50 kg load cell.  
The cheese samples were removed from the refrigerator and left to reach equilibrium in the 
temperature controlled laboratory set at 22°C for a period of 4 hours. Samples were then placed on the 
centre of the platform and compressed in two successive cycles recording the force and time parameters. 
From this data the parameters of hardness, springiness and cohesiveness were calculated. Three batches 
of eight samples were tested for each of the various systems. 
2.5 Confocal Microscopy  
The samples were examined using a Leica SP5 Confocal Laser Scanning Microscope (CLSM) 
(Leica Microsystems, Wetzlar, Germany) with a 40x oil immersion objective. This was done to observe 
the microstructure of the model system at room temperature. 
Thin sections of the samples were cut using a scalpel blade and the protein stained with Fast Green and 
the fat stained with Nile Red. Illumination was provided by an Argon laser at 488 nm and a Helium/Neon 
laser at 633 nm. 
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3. Results & Discussion 
3.1 Observations during Manufacture 
During the initial mixing the 1% sample formed small pellets of protein coated with fat while the other 
three samples formed a dough like mass. As the temperature of the samples increased, the 1% sample 
started to knit together relatively early on, the 1.4% and 1.9% samples increased in viscosity and slowly 
approached a texture similar to the 1% sample while the 2.8% sample started to lose viscosity. When the 
samples reached a temperature of approximately 55°C they started to form a cohesive mass. In the case of 
the 1% calcium to protein sample the cohesive mass seemed relatively uniform; however, it was coated 
with a thin yellow layer of fat on the outside. Both the 1.4% and the 1.9% calcium to protein samples 
formed what appeared to be a homogeneous, semi solid mass at this temperature. The 2.8% calcium to 
protein sample lost all structure by 55°C and became a low viscosity liquid.  
After the cheese analogues had been processed the 1%, 1.4% and 1.9% samples formed a slightly 
rubbery cheese like mass with the 1% sample appearing slightly yellower colour in comparison to the 
other samples. The 2.8% sample was poured into its moulds and set to form a soft paste that was white in 
colour. 
With the increase of calcium chloride in the system there was a corresponding increase in pH. The pH 
dropped from 5.50 in the 1% sample down to 5.47, 5.44 & 5.28 for the 1.4%, 1.9% and 2.8% samples 
respectively. When the moisture content of the samples was analysed it was found that they were all 
relatively similar. The 1% sample had a moisture content of 45.9%, the 1.4% sample had 45.7%, 1.8% 
sample had 45.2% and the 2.8% sample had a moisture content of 45.1%. 
3.2 Confocal Imaging 
The confocal laser scanning microscope (CLSM) allowed the dispersion of protein and fat within the 
system to be observed. When comparing the microstructure of the four different samples containing 
varying levels of calcium using the CLSM, significant differences were observed. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Confocal scanning laser microscope images from a) 1%, b) 1.4%, c) 1.9% and d) 2.8% calcium to protein using a 40 x 
objective 
a) b)
c) d)
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The yellow colour observed in the 1% sample is likely due to be related to the large fat globules shown  
in image 1a. The formation of small protein clusters in sample 2.8% indicates that the protein network 
present in the other samples is not present in this sample. The absence of this three dimensional protein 
network would explain why the sample remained relatively soft when cooled to room temperature. Both 
of the 1.4% and 1.9% samples exhibited a fine dispersement of tiny fat globules within the protein matrix. 
This difference in the observed protein structure is likely due to the influence of the calcium on the 
emulsifying ability of the casein present in the system. This is a similar trend to that observed in acidic 
caseins and sodium caseinate where lower concentrations of calcium chloride increased the emulsifying 
ability of casein, while higher concentrations had the opposite effect [10]. 
3.3 Texture Profile Analysis  
The results of the texture profile analysis are displayed in Table 1 below. The results indicate distinct 
differences between the samples. 
Table 1. Texture Profile analysis of Samples at 25°C 
Sample Hardness (N) Springiness Cohesiveness
1% 124.6 0.79 0.60 
1.4% 237.6 0.89 0.71 
1.9% 206.1 0.85 0.64 
2.8% 27.4 0.21 0.24 
 
As the confocal images of the 2.8% sample showed, the protein structure present in the other samples 
was absent in this sample. This explains why the hardness value obtained for this sample was 
substantially lower than that of the other samples. The lack of springiness and cohesiveness in the sample 
is likely to be due to the same reason; that is there is no rigid network keeping the structure intact. 
Although the 1% sample has a hardness that is between that of the 2.8% sample and the 1.4% & 1.9% 
samples, both the values for springiness and cohesiveness are relatively close to the 1.4% & 1.9% 
samples. The low value of hardness in this sample is likely due to the large fat globules which could 
deform under pressure. However, the continuous protein matrix present in this sample is likely to be 
enabling it to deform and reform. This gives the 1% sample a much higher springiness and cohesiveness 
in comparison to the 2.8% sample which only has dispersed bundles of protein rather than a continuous 
network. 
Both the 1.4% and the 1.9% calcium to protein samples exhibited high values for hardness, springiness 
and cohesiveness. This is likely to be caused by the relatively even dispersement of fine fat globules 
throughout the protein matrix. The 1.4% sample exhibited a higher level of all three attributes. This is 
likely due to the increased emulsifying capacity of the casein in the system as the fat globules were 
observed to be dispersed more finely throughout the protein network. The texture profile analysis on the 
samples indicated that the 2.8% sample had relatively low levels of structural integrity while the level of 
emulsification within the other samples seemed to determine how they responded to the compression test. 
At the highest calcium ratio, the product is very soft and pasty with little cohesion.  This is consistent with 
the low viscosity observed during manufacture and the discontinuous protein structure evident in the 
micrograph.  This overall behaviour probably reflects the increasing interference of the calcium with the 
protein and its ability to emulsify fat as well as link together to form a proper network. 
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3.4 Dielectric Spectroscopy 
Both the dielectric constant (İ’) and dielectric loss factor (İ”) increase with temperature and decrease 
with frequency. 
 
Fig. 2. Dielectric constant of samples at 25 & 85°C. [ 1%,  1.4%,  1.9% & X  2.8%]
 
The dielectric constant showed distinct difference between the samples and shifts caused by changes in 
temperature. This difference is likely to be due to the breakdown of structure as the samples increase in 
temperature where the fat becomes liquid and can flow more readily. In particular the dielectric constant 
of the 2.8% calcium to protein sample shifted substantially more than the other samples. The overall 
differences between the different samples dielectric constants are likely due to the ability of components, 
namely water, to move through the system.  
 
The shift in the dielectric constant and dielectric loss factor with temperature were both found to be 
greatest at lower frequencies. The dielectric loss factor indicated that there was a very slight change in the 
ionic concentration between the different samples. Its increase with temperature indicates that there was a 
greater level of ionic interactions occurring at 85°C than at 25°C. Overall the dielectric properties 
identified a slight change in composition that had an effect on the movement of components within the 
system at different temperatures. A similar decreasing trend in İ’ and İ” with frequency was observed in 
Fig. 3. Dielectric constant and dielectric loss of the samples at 0.95GHz. Ƈ 8°C, Ŷ 25°C, Ÿ35°C , x 45°C, * 55°C, Ɣ 65°C , + 75°C , 
ŷ 85°C. 
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process cheese over the frequency range of 0.3 to 3 GHz [11]. A similar trend was identified with a 
macaroni and cheese product [12]. In their results, it was also noted that the decrement of the dielectric 
properties is less at higher frequency than at lower frequency which is in agreement with our finding. This 
confirms sound measurement technique and model cheese are used in this research work. At 0.95 GHz 
very little difference in the dielectric loss was identified between the varying calcium concentrations. The 
dielectric constant showed a decreasing trend with increasing calcium apart from at the 2.8% calcium 
concentration at temperatures between 65 and 85°C. This is likely to be related to the mobility of the 
components within the structure. There have been many reports that foodstuff have dielectric properties 
that increasing with temperature such as meat [13], cheese [11] and whey protein gels [14]. As the cheese 
increases in temperature it receives more and more energy and its ionic and dipolar movements become 
more active. Due to the calcium content being the major difference between samples, the majority of the 
change in dielectric properties can be attributed to it increasing the ionic movement within the samples. 
It is also worth noting that at around between 55°C and 65°C, there is a significant low point of cheese 
H’ during its increasing with temperature from 8°C to 85°C. Everard et al [11] also reported that they 
found the change in the sign of the temperature coefficient between 45°C and 65°C which may be 
associated with a change in cheese properties e.g. melting of fats and denaturation of protein. Fat is 
normally regarded as an inert material electrically. When it is melting in cheese, it may occupy the 
volumetric space in cheese and limit ions movement and thus the dielectric properties showed decreasing 
at that point. However, once the fat is released, during further temperature increase, protein denaturates 
and releases free water, which might enable the ions re-gain and increase their movement. Further study 
will be conducted to confirm the observation. 
4. Conclusion 
Calcium is a factor in the texture and functionality of cheese. We made analogue cheeses where we 
deliberately varied the ratio of calcium to protein. As the calcium ratio increased to 2.8%, the firmness 
firstly increased and then sharply decreased. This is presumably due to the added calcium interfering with 
the ability of the protein to emulsify fat and/or form an elastic network. Dielectric spectroscopy identified 
differences between the different samples showing a slight increase in the ionic properties as well as 
identifying a spread of the ability for components to move in the systems. 
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